Introduction
metamorphic mineral assemblages (chlorite and orthoamphibole) in a magnetic mudstone unit in the Rietkuil Formation of the West Rand Group, and Smith et al. (2008) , describing the relation between phosphate minerals and rare-earth element (REE) distribution in the iron formations of the Witwatersrand Supergroup. This obvious lack of knowledge is surprising as fresh unweathered sample material is available from several deep gold exploration diamond drill core intersections. Frimmel et al., 2005) . B. Simplified map of the Kaapvaal craton showing the locality of the Witwatersrand and Pongola Supergroups (adapted from Poujol et al., 2003) . C. Schematic diagram illustrating the tectonic setting of the Witwatersrand Basin during its epicontinental sea stage, marked by deposition of the lower West Rand Group (adapted from Stanistreet and McCarthy, 1991; McCarthy, 2006; Guy et al., 2010) . D. Schematic diagram illustrating the tectonic setting of the Witwatersrand Basin during its foreland basin stage as documented by the upper West Rand and lower Central Rand Groups (adapted from Stanistreet and McCarthy, 1991; McCarthy, 2006; Guy et al., 2010) .
Magnetic mudstones are closely associated with all four of the iron formation beds (Fig. 2) . However, there are several other laterally extensive magnetic mudstone beds present in the succession that do not have associated iron formation (Fig. 2 ). These are all very similar in composition to the ones directly associated with iron formation.
The iron formations and associated magnetic mudstones were studied in deep diamond drill core intersections: the Water Tower and Contorted Bed iron formations in core TF 1 drilled into an erosional outlier to the north of the main area of the preserved strata of the Witwatersrand Supergroup, the Promise iron formation in CM 110 drilled on the East Rand, east of Johannesburg, and the Silverfield iron formation in AM 1 and VJ 1 drilled to the south of the Vredefort Dome (Fig. 1A) . The iron formations were deposited in the period between 2985 ± 14 Ma, based on the youngest detrital zircon known from the Orange Grove quartzite at base of the Hospital Hill Subgroup (Kositcin and Krapež, 2004) , and 2914 ± 8 Ma, the age of the Crown Lava (Armstrong et al., 1991) in the central part of the upper Jeppestown Subgroup of the West Rand Group (Fig. 2) On a broad basinal scale, it is known that the Hospital Hill Subgroup, hosting the Water Tower and Contorted Bed iron formations, and correlatives in the Mozaan Group were deposited in an extensive trailing margin basin that probably covered most of the Kaapvaal craton at the time and opened off the craton to the southeast of the Pongola area ( Fig. 1C ; Nhleko, 2003; McCarthy, 2006) . However, during deposition of the upper Bonanza Formation of the Hospital Hill Subgroup, the basin started to develop into a foreland basin, with an orogenic belt to the west and northwest of the Kaapvaal craton, and a foreland bulge in the Heidelberg area and opening up farther east into a trailing margin setting in the Mozaan Group ( Fig. 1D ; Beukes, 1995; Nhleko, 2003; McCarthy, 2006; Guy et al., 2010) . The Government Subgroup, with interbedded diamictites and iron formations, was deposited in this linked foreland to trailing margin basinal setting.
Detailed Stratigraphic Setting

Water Tower iron formation
The Water Tower iron formation is situated in the lower part of the Parktown Formation in the Hospital Hill Subgroup some 100 to 150 m above the basal Orange Grove Quartzite (Fig. 2) . In drill core TF 1 the iron formation is only about 9 m thick (Fig. 3A) . It is underlain with sharp gradational contact by a 40-m-thick magnetic mudstone unit and overlain with sharp erosional contact by a thin quartzite known as the Bulskop bed (Fig. 3A) . Rip-up clasts of the iron formation are present in the quartzite, indicating removal of the upper part of the iron formation by erosion. In other parts of the basin it is known from outcrop that magnetic mudstone and mudstone, which gradationally overlies the iron formation, are preserved below the erosional base of the Bulskop quartzite bed. The magnetic mudstone underlying the iron formation overlies an upward-coarsening mudstonesiltstone-quartzite increment of sedimentation with a sharp transgressive contact (Fig. 3A) . In core TF 1 the Water Tower iron formation itself is a massive poorly banded iron formation or felutite ( Fig. 4A ; terminology after Beukes and Gutzmer, 2008) in the lower 5 m with magnetite-siderite facies felutite grading upward into magnetite-ankerite facies felutite. The chert bands in the felutite have gradational contacts with the enclosing felutite. The upper 4 m of the iron formation is represented by laminated magnetite-siderite chert-banded iron formation or laminated ferhythmite ( Fig.  4A ; terminology after Beukes and Gutzmer, 2008) . The chert bands are clearly defined with locally minor convolute bedding developed.
Contorted Bed iron formation
The Contorted Bed iron formation occurs about 30 m above the Speckled quartzite marker bed (McCarthy, 2006) in the upper part of the Parktown Formation in core TF 1 (Fig. 3B) . The Contorted Bed iron formation, also known as the Jan Smuts bed (South African Committee for Stratigraphy, 1980) , is known for the small-scale incongruent folding present in it at many localities ( Fig. 4B ). Although the "contortions" have been ascribed to soft-sediment deformation, Fripp and Gay (1972) illustrated clearly that the folds relate to the regional open fold fabric of the Witwatersrand succession in general. In core TF 1 the iron formation is a typical microbanded ferhythmite about 30 m thick. It overlies an upward-coarsening carbonaceous mudstone to interlaminated mudstone and siltstone increment of sedimentation with sharp transgressive contact (Fig. 3B) . The lower part of the Contorted Bed is composed of hematite-magnetite facies microbanded ferhythmite that grades upward into magnetite-siderite microbanded ferhythmite. The latter is gradationally overlain by magnetic mudstone with interbeds of gray nonmagnetic mudstone that in turn coarsens upward into a succession of interlaminated mudstone, siltstone, and fine quartzite (Fig 3B) .
Promise iron formation
In drill core CM 110 the Promise iron formation is about 5 m thick and overlies the uppermost diamictite bed of the Witfontein Member with sharp transgressive contact (Fig. 3C) . The Witfontein diamictite member in itself contains three magnetic mudstone beds (Fig. 3C) . The overlying iron formation is a laminated magnetite-carbonate ferhythmite lacking chert mesobands. It grades upward into a dark gray to brown magnetic mudstone (Fig. 3C ). This mudstone is in turn overlain by a coarsening-upward succession of gray mudstone, siltstone, and quartz wacke (Fig. 3C) .
Silverfield iron formation
The Silverfield iron formation overlies the Kensington diamictite (Fig. 4C ) of the Coronation Formation ( Fig. 2) with sharp transgressive contact. In core AM 1 the iron formation is about 7 m thick and grades upward into a magnetic mudstone (Fig. 3D) . The magnetic mudstone is overlain with sharp erosional contact by the basal granulestone of the Tusschenin Quartzite Formation (Figs. 2, 3D ). The iron formation is represented by a finely laminated magnetite-silicate ferhythmite (Fig. 4D) , without well-defined chert mesobands, throughout the Witwatersrand Basin (Beukes, 1995) . However, in core AM 1, the iron silicate, normally represented by stilpnomelane or greenalite, has been transformed to actinolite. 
Petrography
Water Tower iron formation
Banding in the lutitic Water Tower iron formation is diffuse on a microscopic level, and the different bands tend to grade into each other. The bands can be magnetite-, quartz-, siderite-, or ankerite-rich. The magnetite-rich bands contain a high concentration of euhedral to subhedral magnetite crystals occurring in two grain size populations (<10 and ca. 50 μm) intergrown with quartz and traces of ankerite, siderite, iron-rich chlorite, and muscovite. The quartz-rich bands are dominated by quartz with abundant ankerite and minor magnetite. The siderite-rich bands comprise subhedral siderite crystals (10-30 μm in size) intergrown with quartz. The siderite is locally overgrown by anhedral ankerite crystals and also by unusually large (0.2-0.5 mm) magnetite crystals (Fig. 5A) . The ankerite-rich bands are marked by large, anhedral patches of ankerite with abundant inclusions of magnetite, siderite, apatite, and pyrite.
Contorted Bed iron formation
The Contorted Bed is a truly microbanded iron formation, for the most part with sharply defined alternating chert and iron-rich micro-and mesobands ( Fig. 5B-C) . Iron oxide bands in the lower part of the Contorted Bed are composed of intergrown hematite and magnetite with minor quartz (Fig. 5D ), although some pure magnetite bands are present (Fig. 5C ). Individual microbanded hematite-rich mesobands display internal zonation from being hematite rich at the base to magnetite rich at the top. The mesobands have sharp basal contacts with underlying chert mesobands. The lower microbands contain abundant microplaty hematite with crystals 10 to 50 μm in length orientated parallel to bedding (Fig.  5D ). Subordinate euhedral to subhedral magnetite crystals of three size populations (<10, 10-20, and >50 μm) occur in these bands, but are not as abundant as the hematite. Toward the top of microbanded oxide-rich mesobands, magnetite becomes the dominant iron oxide as it grades into overlying chert mesobands. In the transition zone the magnetite content varies, but, overall, it decreases until the band is almost pure quartz. In addition to magnetite, minor hematite, muscovite, ankerite, and apatite also occur in the chert mesobands. The chert mesoband then ends in a sharp contact with an overlying iron oxide mesoband. This zonation is observed repeatedly, but is sometimes interrupted by bands made up of almost pure magnetite with minor interstitial quartz.
The oxide-carbonate facies iron formation in the center of the Contorted Bed is also a microbanded iron formation with well-defined microbanded magnetite-carbonate mesobands alternating with chert-rich mesobands. However, toward the top of the unit the banding becomes more diffuse with magnetite more evenly distributed, and the character of the iron formation becomes that of a laminated felutite.
The carbonate facies iron formation in the upper part of the Contorted Bed iron formation is composed of quartz bands alternating with siderite-and/or ankerite-rich mesobands.
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0361-0128/98/000/000-00 $6.00 117 FIG. 5. Photomicrographs (B, D, and E) and scanning electron microscope images (A, C, and F) documenting the relevant petrographic characteristics of the studied iron formation units of the Witwatersrand Supergroup. A. Large magnetite crystals in a mixture of siderite and quartz in the oxide-carbonate facies iron formation of the Water Tower iron formation (TF1 4331). B. Wavy bedding visible in a magnetite microband in the oxide-carbonate facies iron formation of the Contorted Bed iron formation (TF1 3778). C. Almost pure magnetite microbands intercalated with quartz (Qtz) microbands in the oxide facies iron formation of the Contorted Bed iron formation (TF1 3784.1). D. Hematite-rich microband with microplaty hematite in quartz orientated parallel to the banding in oxide-facies iron formation in the Contorted Bed iron formation (TF1 3784.1). E. Bands made up of angular, subhedral, porphyroblastic crystals of ankerite in quartz in the carbonate facies iron formation of the Promise iron formation (CM110 1608). F. Abundant fine-grained magnetite in quartz and actinolite in the silicate-oxide facies iron formation of the Silverfield iron formation (AM1 2808.7).
The contacts between the various bands are gradational. The quartz bands also contain fine-grained iron-rich chlorite with a tabular habit. Minute crystals of siderite (10-20 μm) occur in quartz bands. The siderite bands are composed of finegrained siderite (10-20 μm) with abundant quartz.
The magnetic mudstone associated with the Contorted Bed iron formation is laminated to very thinly bedded. Iron-rich mudstone that occurs interbedded with the iron formation, especially in the upper part, is composed of iron-rich chlorite and quartz with high concentrations of magnetite, siderite, and ankerite. The magnetic mudstone that overlies the iron formation is composed of fine iron-rich chlorite (<1-20 μm) occurring as flaky to tabular crystals intergrown with quartz. The magnetite generally occurs in two populations, namely fine, 2-μm crystals and large, approximately 40-μm isolated euhedral crystals. Ankerite and siderite occur as large (50 μm->1 mm) euhedral crystals that in some cases contain pyrite. Large ankerite crystals that poikilotopically include siderite, iron-rich chlorite, and fine magnetite represent a late-stage carbonate. Large magnetite crystals typically overgrow all other iron-rich minerals as well as quartz and are considered to be of metamorphic origin.
Promise iron formation
The lower part of the Promise iron formation is a mixed magnetite-carbonate facies laminated ferythmite similar to what was described for the upper part of the Water Tower iron formation.
Carbonate facies laminated ferythmite that constitutes the upper part of the Promise iron formation is composed of thin mixed siderite, ankerite, and quartz laminae alternating with stilpnomelane-rich chert laminae. Siderite may be up to 100 μm in size. Some magnetite occurs associated with the siderite-rich laminae. In some cases, large (300-700 μm), euhedral to subhedral ankerite makes up entire laminae in the Promise iron formation. The ankerite typically contains tiny, poikilotopic inclusions of siderite (Fig. 5E) . The large ankerite crystals also display compositional zoning, with ironenriched rims relative to more magnesium-enriched cores.
The magnetic mudstone overlying the Promise iron formation is mainly composed of flaky to tabular iron-rich chlorite in quartz with high concentrations of magnetite, ankerite, and siderite, especially in its lower part. The magnetic mudstones interbedded with the diamictite are dominated by iron-rich chlorite with subordinate magnetite, siderite, and ankerite.
Silverfield iron formation
The Silverfield iron formation is a laminated ferythmite composed of massive-textured magnetite-chert laminae alternating with very thin, 1-mm-thick laminae of actinolite (Fig.  5F ). The magnetite crystals are typically less than 10 μm in size. The actinolite displays a flaky to tabular habit and the crystals are randomly orientated. Calcite is associated with the actinolite and traces of pyrite occur exclusively in these laminae. Annite and muscovite occur in minor amounts throughout the iron formation.
Magnetic mudstone associated with the Silverfield iron formation is mainly made up of flaky to tabular iron-rich chlorite intergrown with quartz and abundant very fine (<10 μm) subhedral to euhedral magnetite.
Geochemistry
A set of 37 samples of the iron formations and associated magnetic mudstone was analyzed for major element composition (Table 1 ) using X-ray fluorescence (XRF) spectrometry at Spectrau, the analytical facility of the Faculty of Natural Sciences at the University of Johannesburg, using fusion beads. In addition, a set of 22 samples of the iron formations and associated magnetic mudstone was sent to ACME laboratories in Vancouver, Canada, for trace (Table 2 ) and rareearth element (Table 3) analysis. Here, Sc was analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES), while Ba, Be, Co, Cs, Ga, Hf, Nb, Rb, Sn ,Sr, Ta, Th, U, V, W, Zr, Y, Mo, Cu, Pb, Zn, Ni, As, Cd, Sb, Bi, Ag, Au, Hg, Tl, Se, and REEs were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS). Three additional REE analyses were made at the Geochemistry Laboratory at Jacobs University, Bremen, using ICP-MS.
Siderite-and ankerite-bearing whole-rock samples of the Water Tower, Contorted Bed, and Promise iron formations were analyzed for their carbon and oxygen stable isotope composition (Table 4) at the Stable Isotope Laboratory in the Department of Earth Sciences, University of Cape Town. Analyses were carried out by selectively dissolving the carbonate minerals in phosphoric acid at 50°C (for ankerite-rich samples) or 100°C (for siderite-rich samples), extracting the produced carbon dioxide gas, and analyzing it on a DeltaXP mass spectrometer in dual-inlet mode. Measured values were corrected by applying fractionation values for the most common carbonate mineral (e.g., ankerite, siderite) present in each particular sample as indicated by petrographic studies.
Major element composition
The SiO 2 content of the Witwatersrand iron formations ranges between 23.1 and 64.0 wt %, and the Fe 2O3 content from 24.8 to 71.8 wt % ( Fig. 6A ; Table 1) . These values are similar to SiO 2 and Fe 2 O 3 total content averages for well-studied Algoma-and Superior-type iron formations (Fig. 6A) . The Al2O3 content varies from 0.66 to 5.08 wt % (Table 1) , which is much lower than that of coexisting mudrocks of the Witwatersrand Supergroup (Wronkiewicz and Condie, 1987) , but somewhat elevated relative to other iron formations (Fig. 6B ). An interesting aspect is that the Water Tower, Contorted Bed, and Promise iron formations all contain higher concentrations of MnO than the average Superior-type iron formation, but on levels similar to that in Algoma-type iron formations (Fig.  6C) .
The associated magnetic mudstone has SiO 2 contents of 39.0 to 73.5 wt % and Fe 2 O 3 content of 11.7 to 38.9 wt % ( Table 1 ). The Al2O3 content is much higher than that of the iron formations, ranging from 5.94 to 13.8 wt % (Table 1) . In general, the MnO content is very low (<1 wt %), with the exception of the base of the Promise iron formation, where the associated magnetic mudstone has an MnO content of up to 2.09 wt % (Fig. 6C) .
The SiO 2 and Fe2O3 contents show a strong inverse relationship ( Fig. 6A) , suggesting that the two components had different sources or different modes of transport and/or deposition. The silicate, carbonate, and mixed silicate-carbonate facies iron formations tend to have higher SiO 2 and lower Fe 2 O 3 contents than mixed oxide-carbonate and oxide-silicate facies iron formation (Smith, 2007) .
The elevated Al 2 O 3 content is thought to reflect elevated levels of siliciclastic influx during deposition of the iron formations as compared to iron formations like the Brockman and Kuruman that overlie carbonate platform successions (Fig. 6B ). In general, there is a negative correlation between Al 2 O 3 and Fe 2 O 3 if magnetic mudstone is also considered, suggesting that detrital input diluted iron precipitates (Fig. 6B) . No strong trend is observed between mineralogical facies and the Al 2 O 3 content, with the exception that the oxide facies iron formation typically has the lowest Al 2 O 3 contents (Smith, 2007) .
Trace element composition
Trace elements (Table 2) , for which concentrations in iron formation and magnetic mudstone of the Witwatersrand Supergroup significantly exceeded analytical detection limits, were normalized by first dividing trace element concentration data by the Al 2O3 content of the samples, and then dividing it by the same Al 2 O 3 -normalized data for average Archean mudstone (Taylor and McLennan, 1985) . The goal of this approach is to determine which trace elements were mainly derived from a detrital source and which elements were controlled by a process other than detrital input into the sediment.
Based on the normalized values for the trace element data (Fig. 7) , the behavior of trace elements can be described by three categories. Elements with normalized values clustered around 1.0 were likely introduced with a siliciclastic fraction similar in composition to average Archean mudstone. A second category of trace elements is marked either by consistent enrichment or depletion relative to average Archean mudstone, i.e., normalized values cluster consistently above or below 1.0. These elements could have been introduced from a detrital source different from average Archean mudstone in composition, or, alternatively, by chemical precipitation from seawater. The third category of constituents includes those with normalized values that display a vast scatter, from significantly above to far below 1.0. Such effects may be due to analytical error (if concentrations are very low), contamination, or postdepositional alteration.
Trace elements that belong in the first category, i.e., that are from a detrital source similar to average Archean mudstone, are Ti, Sc, Co, Ga, Hf, Nb, Th, U, V, Zr, and Y (Fig. 7) . Ni belongs in the second category, showing a tight cluster and enrichment in all samples relative to average Archean mudstone, which could indicate that source rocks were enriched in Ni, i.e., were possibly more mafic in composition than the sources for the average Archean mudstone standard.
Mn belongs in the third category because it is not associated with Al 2 O 3 and it is, in most cases, highly enriched. Other trace elements that belong in the third category include Cu, Pb, Ba, Cs, Rb, and Sr. No consistent geochemical relationship is observed for Cu, Pb, and Sr.
Distinct and consistent relationships were delineated for the elements Ba, Cs, and Rb (Fig. 7) . Considering their small concentrations, Ba and Rb correlate well with each other. Ba and Rb also correlate well to K 2 O, suggesting that all three elements show geochemically related behavior. This is not 120 SMITH ET AL.
0361-0128/98/000/000-00 $6.00 120 Klein and Beukes (1992) ; data for Kuruman iron formation from Gutzmer et al. (2008). surprising, as all three elements are low valency cations with similar, large ionic radii. K 2 O is usually introduced into shales and similar rocks by illitization, which is a postdepositional process by which clay minerals are altered to illite through the introduction of K-rich aqueous (diagenetic) fluids Melson et al., 1998) . With increasing metamorphic grade, illite is converted to muscovite (Frey and Robinson, 1999) . Ba and Rb are known to enter potassium-rich minerals in small amounts (Krauskopf, 1979) ; hence, Ba and Rb are expected to follow the K, substituting into the illite lattice.
No correlation was found between any of the trace element concentrations and the Fe 2 O 3 content of the samples, suggesting that the iron-rich source for the studied units did not effectively contribute any trace elements to the iron formations. The fact that most of the trace elements appear closely linked to Al 2 O 3 contents strongly suggests that they were washed in with fine, suspended detrital particles.
Rare-earth element composition
Post-Archean Australian shale (PAAS; Taylor and McLennan, 1985) -normalized spider diagrams were constructed for the rare-earth yttrium (REY) composition (Table 3 ) of the iron formations (Fig. 8) . The PAAS normalization was chosen mainly for comparative reasons, as most recent relevant literature has utilized this standard (Bau and Dulski, 1996; Bau et al., 1997; Bau and Alexander, 2006; Slack et al., 2007 Slack et al., , 2009 Planavsky et al., 2009 Planavsky et al., , 2010 . The reason for using a postArchean shale composite rather than an Archean shale composite is the robustness and consistency of the former standard (Bau and Dulski, 1996) . Y is included between Dy and Ho, following justification by Bau and Dulski (1996) .
The Water Tower (Fig. 8A ), Contorted Bed (Fig. 8B) , and Silverfield iron formations (Fig. 8D) (Taylor and McLennan, 1985) . elements (LREEs), which is a common characteristic of most Precambrian iron formations (Klein and Beukes, 1993a) .
A striking feature for all the REY patterns is that they show positive shale-normalized Eu anomalies (Eu SN anomalies). This positive anomaly is typical for high-temperature (>250°C) hydrothermal fluids (Fryer, 1983; Bau and Dulski, 1996) , and is characteristic of Archean iron formations (Klein and Beukes, 1992) . Most of the REY patterns show a strong positive shale-normalized Y anomaly (YSN anomaly), even though this becomes less pronounced with increasing REY concentrations (Fig. 8) .
To recognize CeSN anomalies on REY plots can be very difficult because positive La SN anomalies can create false negative Ce SN anomalies (Bau and Dulski, 1996) . To identify the Ce SN anomalies, Bau and Dulski (1996) introduced a simple diagram that compares (Ce/Ce*) SN (calculated as Ce SN /(0.5La SN + 0.5Pr SN )) to (Pr/Pr*) SN (calculated as Pr SN /(0.5Ce SN + 0.5Nd SN ) (Fig. 9) . It is evident that only one sample from the Promise iron formation displays a positive Ce SN anomaly (Fig.  9 , area IIIa) whereas one from the Contorted Bed iron formation shows a negative Ce SN anomaly (Fig. 9 , area IIIb). The latter sample comes from hematite-magnetite facies iron formation in the lower part of the Contorted Bed iron formation. The general lack of significant Ce SN anomalies in the Witwatersrand iron formations is also observed in other Archean iron formations .
In the magnetic mudstone associated with the iron formations, the abundance of the REEs approaches PAAS levels due to higher detrital contents, which is also reflected in the higher Al 2 O 3 contents. The HREE enrichment is less apparent and YSN anomalies are absent. In most samples, however, the positive Eu SN anomalies are still visible (Fig. 8) .
Phosphate minerals including apatite, monazite, and xenotime occur in trace amounts in the Water Tower and Contorted Bed iron formations. These have been found to contribute greatly to the REE concentrations in the iron formation units (Smith et al., 2008) .
Stable isotope geochemistry
The whole-rock stable isotope results for the iron carbonate phases associated with Witwatersrand iron formation and magnetic mudstone samples are presented in Table 4 and Figure 10 . The ratio of 18 O to 16 O as normalized to Pee Dee Belemnite (δ 18 O PDB values) for the carbonates in the Water Tower samples ranges between -18.50 and -19.46‰, and the ratio of 13 C to 12 C as normalized to Pee Dee Belemnite (δ 13 C PDB values) ranges between -12.08 and -13.46‰ (Fig.  10 ). δ 18 O PDB values for the carbonates in the Contorted Bed samples range between -16.86 and -18.62‰, and the δ 13 C PDB values range between -9.12 and -11.53‰ (Fig. 9) Bau and Dulski, 1996) . Kaufman (1996) . range between -15.69 and -16.65‰ (Fig. 10) . Although there is considerable overlap in the range of δ 18 O PDB values, carbonates from the Promise iron formation clearly appear more depleted in 13 C relative to the other iron formations (Fig. 10) . Generally, the δ 18 O PDB values and δ 13 C PDB values in the Witwatersrand iron-rich units are more negative than, for example, those associated with the early Paleoproterozoic Kuruman and Griquatown iron formations of the Transvaal Supergroup ( Fig. 10 ; Kaufman, 1996) .
Chemostratigraphy
Chemostratigraphic plots of the Contorted Bed (Fig. 11) and Promise iron formations (Fig. 12) provide a good summary of the main stratigraphic, mineralogical, and geochemical characteristics of the iron formations and associated magnetic mudstone. The inverse relationship of Fe 2 O 3 to SiO 2 together with the higher contents of Fe 2 O 3 in oxide facies iron formation relative to carbonate facies and magnetic mudstone can clearly be seen (Figs. 11, 12) . Eu SN anomalies, calculated as Eu/Eu* = Eu SN /(0.67Sm SN + 0.33Tb SN ) (Bau and Dulski, 1996) , are positively correlated with Fe 2 O 3 content (Figs. 11, 12) , suggesting a link to hydrothermal activity for both. SiO 2 and Al 2 O 3 display a better correlation in the Contorted Bed (Fig. 11 ) than in the Promise Formation (Fig. 12) .
The sum of the REEs correlates well with Al 2 O 3 in the magnetic mudstone associated with the Contorted Bed, illustrating the effect of detrital influx on REE concentrations, and with P 2 O 5 in the iron formation, illustrating the strong influence of phosphate mineralogy on the REE distribution in the iron formation ( Fig. 11 ; Smith et al., 2008) . In the Promise iron formation the Al 2 O 3 content correlates well to the sum of REEs (Fig. 12) oxide-rich iron formation in both the Contorted Bed (Fig. 11) and Promise (Fig. 12) iron formations.
Discussion
Mineral paragenesis
Microcrystalline quartz (chert) is the most common mineral in the iron formations and is also abundant in the associated magnetic mudstones. All the iron-bearing mineral phases occur closely associated and intergrown with quartz in various concentrations in different bands or laminae. This would suggest continuous deposition of silica in the background, but at varying rates relative to that of iron-rich precipitates. The microcrystalline nature of the quartz suggests that they were derived from recrystallization of earlier amorphous silica precipitates (Clout and Simonson, 2005; Maliva et al., 2005) . However, in the magnetic mudstone there may have been a small contribution from fine clay-sized detrital quartz particles (Smith, 2007) .
Hematite is a very rare mineral phase in the iron formations, and was only encountered near the base of the Contorted Bed iron formation in significant amounts along with magnetite that overgrows the hematite (Fig. 5D) . The hematite may have been derived by diagenetic recrystallization of ferric oxyhydroxide precipitates followed by later lowgrade metamorphic crystallization to coarse magnetite. The general scarcity or absence of hematite in the iron formations and associated mudstone strongly suggests that the depositional and/or diagenetic environments contained reducing agents in the form of either organic carbon or Fe 2+ -rich fluids (Ohmoto, 2003) that prohibited ferric oxyhydroxides from being preserved and later recrystallized to hematite. Figure 3 . Carb = carbonate, IF = iron formation, Magn = magnetite-rich, Ox = oxide.
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Two types of magnetite are present in the iron formations and magnetic mudstone, namely, larger euhedral and isolated magnetite crystals (Fig. 5A ) and minute euhedral to subhedral magnetite crystals that tend to form aggregates or massive monomineralic laminae (Fig. 5C ). The euhedral magnetite crystals are always associated with or replacing hematite, siderite, ankerite, and iron silicates, i.e., they are late in the paragenetic sequence. This euhedral magnetite is interpreted as forming either from metamorphic decomposition of ankerite, siderite, or iron silicates or from the recrystallization of finer magnetite crystals into coarser ones. In contrast, the minute magnetite appears to be finely intergrown with microquartz and other fine iron mineral phases and to have formed very early in the mineral paragenesis, and is considered to be diagenetic in origin. The magnetite aggregates may have formed at the expense of Fe 3+ oxyhydroxide precipitates or hematite. Diagenetic reduction with organic matter, for example, or a nonredox reaction with Fe 2+ -rich hydrothermal fluids (Ohmoto, 2003) could have converted the Fe 3+ precipitates to magnetite (Fig. 13) . Other possibilities are that the fine magnetite was formed through biologically induced mineralization by iron-reducing bacteria or was derived from magnetotactic bacteria (Devouard et al., 1998) . However, for the latter possible source, the magnetite crystals in the Witwatersrand iron formations are too large. Magnetite crystals in magnetotactic bacteria range in size between 50 and 100 nm (Devouard et al., 1998) , whereas the fine magnetite in the Witwatersrand iron formations is, on average, 1 to 10 μm in diameter.
The negative δ 13 C PDB values for iron-rich carbonates in the Witwatersrand iron formations and magnetic mudstones (Fig.  10 ) strongly suggest that organic matter contributed as a source of carbon during carbonate crystallization (Schidlowski, 1987 (Schidlowski, , 1995 Des Marais, 2001 ). Mixing in sediment pore water during diagenesis of carbon dioxide released during iron respiration of organic matter derived from photoautotrophic and/or chemolithoautotrophic microbes with typical organic carbon δ 13 C PDB composition between -20 and -30‰ (Freeman, 2001 ) and inorganic carbon dioxide dissolved in ocean water with δ 13 C PDB values close to 0‰ (Faure, 1986 ) is considered to be the most likely source for such 13 C-depleted iron carbonates in iron formation (Kaufman, 1996; Beukes and Gutzmer, 2008; Fischer et al., 2009; Bekker et al., 2010) . Carbon dioxide derived from oxidation of methane or degradation of organic matter derived from methanotrophs could also result in formation of 13 C depletion in diagenetic carbonates. However, such carbonates are typically much more depleted in 13 C, with δ 13 C PDB values in the order of -30 to -70‰ (e.g., Colombo et al., 1966; Stahl, 1979) down to values as low as -80‰ (Schoell, 1980) . These values are much lower than those observed in the Witwatersrand iron formations and magnetic mudstones and are thus considered a highly unlikely source of carbon for diagenetic carbonates.
The depletion in 18 O of carbonates in iron formations and magnetic mudstones of the Witwatersrand succession relative to that, for example, of the Kuruman and Griquatown iron formations of the Transvaal Supergroup (Kaufman, 1996) can be ascribed to the difference in regional metamorphic grade. These iron formations from the Transvaal Supergroup have only experienced diagenesis to very low grade greenschist facies metamorphism on the order of 170° to 200°C (Miyano and Klein, 1983) whereas the Witwatersrand succession experienced lower to middle greenschist facies metamorphism (Wronkiewicz and Condie, 1987; Phillips and Law, 1994; McCarthy, 2006) .
The most commonly present iron silicates in the iron formations are stilpnomelane and iron-rich chlorite in the magnetic mudstones. Precursors to the iron-rich chlorite may have been aluminous detrital clay minerals that incorporated iron from an iron-enriched water column and/or sediment pore water during diagenesis. It is considered that these ironenriched clays could then recrystallize to iron-rich chlorite during metamorphism. Muscovite and biotite also occur in trace amounts and are probably of detrital origin in the magnetic mudstones. Iron-rich but aluminum-poor silicates like stilpnomelane may have had an amorphous iron silicate gel precursor that formed from dissolved SiO 2 , Fe 2+ , Mg 2+ , and some Na + and K + present in water column from which the iron formation was deposited (Klein, 2005) .
Marine depositional environment and source of iron
Apart from the fact that quartzite beds hosting iron formations and magnetic mudstone in the West Rand Group display textural maturity and sedimentary structures typical of sedimentation in marine environments (Beukes, 1995; Frimmel et al., 2005) , the REE compositions of the iron formations also strongly support such a depositional setting. The light rare-earth element depletion of the iron formations ( Fig.  8A-B, D) is typical for ocean water because LREEs have a greater affinity for particulate matter and are scavenged more easily from the water (Brookins, 1989) . In contrast, HREEs tend to form more stable complexes in ocean water and are therefore present at higher normalized levels than LREEs in the oceans (Fryer, 1983) . In addition, the positive Y SN anomaly observed in the iron formations is typical of rapidly precipitating hydrothermal ferromanganese precipitates in the modern ocean. The reason is that rapid precipitation does not allow for fractionation and the exchange equilibrium to be reached between dissolved and adsorbed REY, causing positive Y SN anomalies to develop (Bau and Dulski, 1996) . This also implies that if physicochemical processes were similar in the Archean, precipitation of the iron formations was fairly rapid. The less pronounced Y SN anomaly in the more REY rich samples (Fig. 8B-C, D) could be due to either slower precipitation or dilution by fine siliciclastic detritus.
The positive Eu SN anomalies combined with LREE depletion in the REY patterns are the typical patterns that are observed when deep-sea hydrothermal fluids are mixed with normal ocean water (Dymek and Klein, 1988; Klein and Beukes, 1993a; Bekker et al., 2010) , suggesting that the ocean water from which the studied iron formations were precipitated was affected by hydrothermal solutions (Fryer, 1983; Bau and Dulski, 1996) . Dymek and Klein (1988) reproduced similar REE patterns (LREE depletion relative to shale reference, positive Eu SN anomaly) for the Isua iron formation in Greenland by mixing 100 parts seawater with 1 part hydrothermal fluid.
The presence of positive Eu SN anomalies in both magnetic mudstone and iron formation (Fig. 8) combined with the positive correlation between Eu SN anomalies and Fe 2 O 3 content (Figs. 11, 12 ) suggests that the iron was sourced from hydrothermal fluids (Fryer, 1983; Dymek and Klein, 1988; Bau and Dulski, 1996) . This observation may be explained by enhanced magmatic activity in the oceans through either seafloor spreading or mantle plume activity giving rise to large hydrothermal plumes (Isley, 1995) . Enhanced magmatic activity also increases the volume and temperature of the oceanic crust, causing marked sea-level rise and transgressions that in turn would favor deposition of iron formations on drowned, sediment-starved continental shelves (Isley and Abbott, 1999) . This causal link between marine transgression and the influx of iron serves to explain the geologic setting and composition of the mudstone-associated iron formations of the Witwatersrand Supergroup. Furthermore, it is possible that these hydrothermal plumes could have created the redox conditions in the oceans that promote large-scale dissolved iron transport and deposition . The fact that the Contorted Bed iron formation is an excellent marker bed throughout the West Rand Group (Beukes, 1995) , as well as the fact that it correlates stratigraphically to the Scotts Hill Member iron formation in the Mozaan Group of the Pongola Supergroup (Beukes and Cairncross, 1991) , supports the notion that iron formation deposition took place on a basin-wide scale. Given the preserved extent of the Witwatersrand Basin, the thickness of the units, and the average chemical composition of the iron formations, it becomes apparent that a large volume of reduced Fe 2+ -enriched seawater from which iron minerals could precipitate was required. Upwelling of oxygen-poor, hydrothermally dominated Fe 2+ -rich deep water onto the shallow shelf, creating a chemically stratified ocean (Klein and Beukes, 1993a; Bekker et al., 2010) , is thus inferred to be the most likely source of iron for the iron formations of the West Rand Group.
Depositional systems tracts
The stratigraphic setting of iron formations provides valuable insight into their depositional environment and the depositional systems tracts that they formed part of. The finely laminated to microbanded nature of the iron formations together with their association with fine-grained magnetic mudstone suggests a deep-water, below-wave base depositional setting. The fact that these iron formations form the base of coarsening-upward progradational increments of sedimentation implies that they were deposited most distal from siliciclastic input during peaks of transgression and maximum flooding of the Kaapvaal craton. This is supported by the petrographic and geochemical composition of the iron formations, indicating that they had minimal detrital input. This lack of siliciclastic detritus is the main characteristic that distinguishes iron formation from magnetic mudstone and indicates that concurrent detrital input had to be cut off for iron formation deposition. In turn, the occurrence of the iron-rich units along maximum flooding surfaces suggests a close genetic link between plume activity with increased iron supply and rates of sea-level rise.
The distribution of lithological units in upward-coarsening increments of sedimentation (Fig. 3) indicates that hematitemagnetite facies iron formation, like in the Contorted Bed (Fig. 3B) , was deposited in the most distal part of the depositional basin, followed shoreward by carbonate-magnetite facies iron formation and magnetic mudstone (Fig. 13) . Closer to shore, but still below wave base, laminated nonmagnetic mudstone was deposited. These grade upward into interlaminated mudstone and siltstone with wave-rippled siltstone and fine sandstone (preserved as quartzite) laminae indicating deposition above wave base, in turn overlain by cross-bedded inner shelf mature quartz sandstone (Beukes and Cairncross, 1991) . These depositional system tracts thus clearly indicate that iron deposition was restricted to deep-water, below-wave base, shelf environments, implying that the shallow-water column in the basin was depleted in dissolved ferrous iron.
The finely laminated iron formations in the Promise and Coronation formations overlie diamictite beds with sharp transgressive contacts and are followed by magnetic mudstone, suggestive of an iron-rich deep-water depositional setting. The suggested glacial origin of the diamictites, together with their correlatives in the Mozaan succession of the Pongola Supergroup (Beukes and Cairncross, 1991) , is based on the presence of dropstones and faceted clasts, their poorly sorted nature, and the abundance of angular clasts with polymictic and often exotic composition that includes granite, gabbro, gneiss, schist, chert, banded iron formation, and volcanic and sedimentary rock fragments (Nel, 1935; Von Brunn and Gold, 1993; Beukes, 1995; Young et al., 1998) . In addition, the diamictites overlie low-angle erosional unconformities that mark low sea-level stands and mature inner shelf marine quartzite beds, indicating lack of slope. The latter together with the regionally extensive sheet-like architecture of the beds argues against tectonically induced debris flow deposits, which should be lobe shaped with restricted lateral distribution (Beukes, 1995) . Thus, the iron formations may have been deposited in settings rather similar to that of Rapitan-type iron formations associated with the Sturtian glacial deposits of the Neoproterozoic (Klein and Beukes, 1993a; Klein, 2005) .
Conceptual depositional models
In the development of depositional models, the deposition of silica is assumed to have taken place continuously, as micro crystalline quartz (chert) occurs throughout all the ironrich units. The dissolved silica concentrations in early Precambrian oceans are considered to have been at least six times as high as in the modern ocean (Siever, 1992) . This silica, as with most other Archean to Paleoproterozoic iron formations, was most likely sourced from hydrothermal fluids from a distal source (e.g., Beukes and Gutzmer, 2008; Bekker et al., 2010) . For the depositional models in this contribution, silica precipitation is assumed to have taken place in a zone of silica oversaturation along the thermocline developed between the slightly warmer plume and ambient ocean water, as inferred for the Paleoproterozoic Transvaal and Hamersley iron formations .
In development of depositional models for the iron, the following parameters and observations were considered. The actual mechanism of iron precipitation to form iron formations is a subject of debate. Possible scenarios include oxidation by free molecular oxygen generated by photosynthesis (Klein and Beukes, 1993a) , primary deposition of siderite (Tice and Lowe, 2004) , oxidation by chemolithoautotrophs (Konhauser et al., 2002; Konhauser, 2007) , or oxidation by anoxygenic phototrophic bacteria (Kappler et al., 2005; Posth et al., 2008) . The primary deposition of iron in siderite is excluded from the depositional models for two reasons: the presence of hematite and magnetite, and the stable isotopic signature of carbonates, which suggests diagenetic reduction of iron through organic carbon oxidation.
The REE data of the iron formations in the Witwatersrand Basin show no Ce SN anomalies, which would be expected in highly oxidized marine environments (Bau and Dulski, 1996) . However, iron oxidizes more readily than Ce at close to neutral pH (Brookins, 1988 (Brookins, , 1989 , so the lack of a Ce SN anomaly could just illustrate that the availability of oxygen was buffered by Fe 2+ or that oxygen was present in low enough concentrations to keep the Eh below the levels required for Ce oxidation. It is also important to note that hematite is preserved in the most distal facies of the Contorted Bed iron formation and that magnetite is common in all the iron formations and associated magnetic mudstones. Although coarse euhedral magnetite is considered to be of metamorphic origin, there is abundant very fine grained magnetite present in the iron formations that is considered to be early diagenetic in origin. In combination with the preservation of hematite, it can thus be concluded that oxidation of ferrous iron was the dominant mode of iron deposition in the basin.
The iron formations and magnetic mudstones display enrichment in HREEs relative to LREEs together with marked positive Eu SN and Y SN anomalies, which, in combination, indicate deposition from a water column with mixed hydrothermal and seawater sources of REEs (Dymek and Klein, 1988; Bau and Dulski, 1996) . Vertical and lateral sedimentary facies relations suggest that iron formations and magnetic mudstones were deposited in distal, starved to partly starved shelf settings followed shoreward by middle shelf gray-green mudstone, siltstone and fine quartz sandstone, and inner shelf marine quartz sandstones (Beukes and Cairncross, 1991) . This supports a distal source for the iron in the basin that can be explained by occasional invasion of the shelf by hydrothermal plumes during major transgressions. However, the absence of iron precipitates in middle to inner shelf deposits suggests that the influx of iron was limited to the distal, below-wave base part of the basin. This in turn indicates that the hydrothermal plume was limited in lateral extent and that it did not reach the more proximal inner shelf environments of the basin. Hot hydrothermal water emitted from hydrothermal vents in the ocean will rise buoyantly, rapidly mixing with the ambient seawater, until it reaches a level of neutral buoyancy. From this level, the plume will spread out laterally (Isley, 1995) . It is thought that in the Late Archean to Paleoproterozoic hydrothermal plumes rose approximately 200 m vertically from their source and then spread out laterally at a vertical thickness of approximately 150 m (Speer and Rona, 1989; Isley, 1995) . The depth of the top of the plume would depend on the depth of the source from which it was emitted and could have been anywhere from 300 to 1,200 m deep (Isley, 1995) . It is therefore suggested that the top of the hydrothermal plume at the neutral buoyancy level determined the lateral extent of iron deposition in the Witwatersrand Basin, with the most proximal iron-rich units (magnetic mudstone) being deposited up to the point where the plume invaded the shelf, which, in the case of the Witwatersrand Basin, was still below storm wave base (Beukes and Cairncross, 1991; Beukes, 1995) . The nonmagnetic mudstones, siltstones, and sandstones were deposited shoreward of the plume in shallower water.
Within iron formation beds, the apparent more proximal setting of the carbonate-facies iron formation (Fig. 11 ) may indicate that the organic carbon required to form the ironrich carbonates was sourced from proximal parts of the basin. The decrease in carbonates and increase in magnetite and hematite toward the more distal setting (Fig. 11) suggests that the organic carbon supply to the sediment decreased in this direction, but that a chemical agent was still present to form magnetite. This chemical agent could have been Fe 2+ -rich hydrothermal fluids (Ohmoto, 2003) . Another possibility is that the ferric oxyhydroxide precipitates were reduced through the oxidation of organic carbon, just as with the iron in the iron-rich carbonates, but carbonate saturation was not reached. This would have led to the formation of magnetite through a reaction between the Fe 2+ and ferric oxyhydroxides. The latter, however, is deemed unlikely because diagenetic magnetite and iron-rich carbonates co-occur in the Witwatersrand iron formations (Fig. 5B) , suggesting separate formation mechanisms for these phases. Hematite is only preserved in the most distal setting, marked by maximum marine transgression (Fig. 11) , and suggests that the precipitated iron here was in some way removed from or not in contact with the Fe 2+ -rich water of the hydrothermal plume. Because the hydrothermal plume was most likely limited in vertical thickness (Isley, 1995) , the hematite could have been preserved in distal deep-water environments where the base of the buoyant plume was not in contact with the ocean floor.
The stratigraphy and lateral facies reconstruction of the Witwatersrand iron formations suggest not only that iron oxidation and deposition was limited to the top of the hydrothermal plume, but that it was also limited to below storm wave base, which, in the modern oceans, is typically at depths of more than 200 m (Boggs, 1995) . This implies that iron oxidation most probably took place at depths below the photic zone, which, in clear modern seas like the Mediterranean, is at a maximum depth of about 150 m (Lalli and Parsons, 1997) . The lateral facies reconstruction therefore renders the oxidation of iron by anoxygenic phototrophic bacteria to form the Witwatersrand iron formations most unlikely.
The mixing zone between the Fe 2+ -rich hydrothermal plume and ambient ocean water would have been an ideal habitat for chemolithoautotrophic iron-oxidizing bacteria, which would have been able to exploit the difference in chemistry between the hydrothermal fluids and ocean water to gain energy for metabolism, as they do at hydrothermal vent sites in modern oceans (McCollom and Shock, 1997) . This metabolic pathway, however, does require the presence of free molecular oxygen at microaerobic conditions (<40 μmol L -1 O 2 ; Emerson and Revsbech, 1994) as expressed in the following reaction (Konhauser et al., 2002) :
The depth of the top of the hydrothermal plume below the photic zone, as suggested by the lateral facies reconstruction as well as the lack of Ce SN anomalies in the Witwatersrand iron formations, makes the oxidation of iron at the interface between a hydrothermal plume and open ocean water by chemolithoautotrophic iron oxidizing bacteria under microaerobic conditions the favored mode of iron precipitation for the Witwatersrand iron formations. This is in agreement with calculations by Konhauser et al. (2002) indicating that such bacterial colonies could have precipitated most of the iron in Precambrian iron formations.
Based on the above, the depositional model for the mudstone-associated iron formations of the Witwatersrand Basin can be summarized as follows (Fig. 13) : An anoxic to dysaerobic Fe 2+ -rich hydrothermal plume entered the basin over a limited vertical extent as determined by neutral buoyancy (Isley, 1995) , creating an ideal habitat for chemolithoautotrophic iron-oxidizing bacteria along its interface with ambient ocean water. This interface enveloped the advancing front of the plume and was therefore most probably present not only above the plume but also along its nose and below. Iron that was oxidized by the chemolithoautotrophs along the top of the plume would have settled as ferric oxyhydroxides through the plume, with some of the ferric oxyhydroxides being recycled to Fe 2+ by the reducing chemistry of the plume, until the surviving ferric oxyhydroxides were deposited on the ocean floor. In the distal part of the basin, where the base of the plume was not it contact with the sediment and siliciclastic input was minimal, the ferric oxyhydroxides would be transformed to and preserved as hematite in hematite-bearing iron formation. Where the plume was in contact with the sediment and organic carbon input was limited, the ferric oxyhydroxides would be transformed to magnetite by the Fe 2+ in the plume in a nonredox reaction, as proposed by Ohmoto (2003) , and magnetite-bearing iron formation would be preserved. Closer to the coast, where the plume was in contact with the sediment and organic carbon input was higher, but still with limited siliciclastic input from the coast, the oxidation of organic carbon through the reduction of hematite would have led to the formation of siderite and/or ankerite along with magnetite formed by iron respiration in presence of organic matter and/or addition of dissolved Fe 2+ from plume water. Where clastic input was high along with the presence of the plume in more proximal distal shelf settings, magnetic mudstone rich in magnetite, iron-rich carbonates, and iron-rich alumosilicates would be preserved. Above the top of the hydrothermal plume in the shallower, more proximal parts of the basin, there was very little iron input into the sediment, and only iron-poor mudstone, siltstone, and sandstone were preserved.
The two iron formations in the Government Subgroup that are associated with apparent glaciogenic diamictite most likely had a slightly different depositional setting than the purely mudstone-associated iron formations of the Hospital Hill Subgroup. The only difference between the latter two examples and the shale-associated iron formations in the Witwatersrand Supergroup is the presence of diamictite (Fig.  3D ) or diamictite interbedded with magnetic mudstone (Fig.  3C) beneath the iron formations. Otherwise, the geochemistry, mineralogy, iron formation facies distribution, and stratigraphy of the iron formations themselves are similar. It is proposed that the source, mode of deposition, and mineral origin of the diamictite-associated iron formations were the same as for the mudstone-associated iron formations (Fig. 13) of the Witwatersrand Supergroup. The only difference in the depositional model is that there was glacial ice cover during sea-level lowstands in the Promise Formation and Silverfield Member (Fig. 14) . Melting of the glacial ice led to the deposition of diamictite and a major transgression, with Fe 2+ -rich hydrothermal plumes entering the basin and iron deposition taking place (Fig. 14) . Interbedded diamictite and magnetic mudstone in the Promise Formation can be explained by multiple waxing and waning episodes of the glacial ice cover, leading to multiple transgressions and regressions (Fig. 14) .
This model is in contrast to a well-known model for the deposition of iron formation during Neoproterozoic glacial episodes related to the Snowball Earth event (Kirschvink, 1992) , proposed by Klein and Beukes (1993a, b) and Klein (2005) . In this model, the glacial cover causes the ocean water to become stagnant and reducing, allowing for the buildup of Fe 2+ in the oceans. As the glacier started to melt, oxygen from the atmosphere started reentering the oceans, causing the oxidation of Fe 2+ to Fe 3+ and the deposition of hematite-rich iron formation containing dropstones. However, this wellknown model cannot be applied to the diamictite-associated iron formations in the Witwatersrand Supergroup because the Archean ocean and atmospheric chemistry were most likely very different and less oxidizing (e.g., Rasmussen and Buick, 1999; Holland, 2002; Bekker et al., 2004; Frimmel, 2005) than in the Neoproterozoic. There are also numerous differences between the Neoproterozoic examples and those in the Witwatersrand. Some of these include mineralogical facies in the Witwatersrand iron formations that are more complex and diverse compared to predominantly oxide facies Neoproterozoic iron formations (e.g., Klein and Ladeira, 2004) , as well as a lack of marked positive Eu SN anomalies in Neoproterozoic iron formations (Klein, 2005) , indicating either input from low-temperature (<200°C), diluted hydrothermal sources or absence of hydrothermal input.
Conclusions
Genetic stratigraphic, mineralogical, and geochemical evidence strongly suggests that the iron formations of the Witwatersrand Supergroup were precipitated in a marine setting from Fe 2+ -rich hydrothermal plumes during transgressions, most likely by iron oxidizing chemolithoautotrophs, because the top of the hydrothermal plume was below the photic zone, and not phototrophic anaerobic iron oxidizers. This Glacial ice cover causes a sea-level lowstand, leading to limited hydrothermal plume influx in the basin and diamictite deposition. B. Removal of ice cover leads to a transgression and renewed influx of iron-rich hydrothermal fluids into the basin, leading to iron formation deposition as illustrated in Figure 13 . Lithological legend can be seen in Figure 13. implies that low levels of free molecular oxygen were present in the water of the Witwatersrand Basin. The lateral facies distribution observed in the iron formations and associated mudstones was largely a result of the limited vertical extent of the hydrothermal plume entering the basin, with hematite preserved in deeper distal setting where the sediment was not in contact with the plume and low iron contents present in proximal setting above the top of the plume. The importance of large hydrothermal plumes in the deposition and distribution of iron formations is therefore highlighted.
The deposition of the glacially associated Witwatersrand iron formations was not a direct result of ocean freezing, as is inferred for Neoproterozoic glacially associated iron formations, but of transgressions related to ice melting and hydrothermal plume invasion. The implied climate warming and plume invasion could have been a result of increased tectonic activity and volcanism associated with the Witwatersrand Basin developing into a foreland basin with orogenesis occurring toward the west and northwest of the Kaapvaal craton during deposition of the Hospital Hill Subgroup (Beukes, 1995; Nhleko, 2003; McCarthy, 2006; Guy et al., 2010) .
